One of the motor reactions commonly involved in the operation of both military and civilian equipment is that of moving a limb (or limbs) as quickly as possible from one position in space to another. Normally, it is desired to terminate the movement at exactly the aimed-for point with a minimum of error and oscillation. The aerial gunner, for example, in tracking a moving target, is often called upon to make quick discrete movements of this sort. Thus when an attacking aircraft is suddenly perceived the guns must be slewed around to the target with the least possible delay. Similarly, during the course of actually tracking the target, observed displacements between the reticle and the target must be quickly and accurately corrected.
Previous studies of discrete movements, such as those of Craik (i), Householder (3) , and Vince (5), have been oriented rather directly toward the solution of problems arising out of the gunnery tracking situation. In these experiments, the subjects were required to react as quickly as possible, by movements of the hand and arm, to sudden, visually perceived displacements of a target in space. Usually neither the direction in which the movement was to be made nor its "This is the second in a series of studies of human motor abilities being conducted under contract Njori-j/, Project 2, between the Special Devices Center, Office of Naval Research and the State University of Iowa. The material included here is a slightly modified version of Report No. 2 under that contract. extent were known to the subject until the instant that the target assumed its new position. The reactions were thus guided entirely by the stimulus conditions effective immediately before and during the making of the movement.
In the present study, a simpler procedure was employed in the hope that somewhat more basic data might be obtained on the factors involved in making discrete movements. The task set for the subjects was to move the limb as rapidly and accurately as possible from one fixed position in space to another. The positions were indicated by black lines on a white background. Each movement was initiated at the sound of a buzzer. All odd-numbered movements were made from left to right and the others from right to left. Through the use of this method, the subjects were aware in advance of both the distance to be moved and the direction of movement. The actual movements were made with the right hand and arm in the horizontal plane along a line parallel to the frontal plane of the body. Detailed graphic records were obtained by having the subjects move a lightweight pointer which was coupled by threads to a recording system having low friction and inertia. This made possible the measurement of reaction time, total-movement time, speed of movement, etc. The principal experimental variables were (i) distance moved, and (2) direction of movement (left to right and right to left).
APPARATUS
A schematic diagram of the apparatus which was used to record the movements and to present the stimuli is reproduced in Fig. I . The board shown at the left (approximately 90 X 14 X 2 cm.) was clamped between two tables at a height of 95 cm. from the floor and provided the surface upon which the subjects made their movements. A piece of white, glazed cardboard, with black transverse lines at distances of 2.5, 10, and 40 cm. from the right of a central line, was tacked to the surface of the board. The distances between the central line and the other three lines served as the stimuli to which the subjects reacted. To prevent possible confusion of one line with another, two flat, triangularly shaped position markers were used. One of these remained fixed at the starting line throughout the experiment whereas the other was set at either the 2,5-, 10-, or 4o-cm. line.
The system for recording the movements consisted of two endless loops of thread (i2-lb. nylon casting line) coupled together through a compound reduction pulley having a 3-to-i ratio. As can be seen from Fig. I , one of the endless loops, with the subject's slide piece attached, passed across the surface of the reaction board, around an idler pulley at one end and around the larger diameter of the reduction pulley at the other end. The second loop passed around the smaller section of the reduction pulley and then to a second idler pulley mounted beyond the polygraph. A hot-wire stylus attached to this second loop rested lightly on the waxed paper (30.5 cm. wide) as it was drawn through the polygraph. Glass beads, inserted into holes in the sides of the polygraph, served as guides to keep the portion of the loop which carried the stylus on a line orthogonal to the line of movement of the paper. Movements of the arm (and slider) thus resulted in corresponding movements (one-third as large) of the stylus, providing a record from which the rate, form, and amplitude of the original limb movements could be accurately determined.
Preliminary work with the recording system revealed that the use of conventional single grooves on the reduction pulley resulted in slippage between the subject's loop and the recording loop. This difficulty was eliminated by cutting threads (16 per in.) in both the larger and smaller sections of the pulley. The loops were then passed around the pulley twice, and all slippage, even at the most rapid rates of movement, was eliminated. The grooves on the pulleys served, of course, to prevent the threads from piling up on themselves. Since it was desirable to have the recording system interfere with the movements as little as possible, mass and friction were held to a minimum. Calibrations revealed that the force produced by a weight of about six gm., when attached to the slider by a thread running over the idler pulley, was sufficient to cause the slider to begin moving across the board.
Because of the fact that the reaction and recording loops were made of nylon and because of the slight inertia of the pulleys it was feared that the time kg between the start of a movement A time line was secured on the record by means of a 6oo-rpm. synchronous motor and a marking stylus. A raised cam on the shaft of the motor displaced a cam-follower arm once during each revolution of the shaft. Because the cam-follower was mechanically attached to the stylus, the latter was also displaced from its neutral position and produced a mark every tenth of a second. Individual time marks were separated by approximately four mm. since the paper moved through the polygraph at a nearly constant rate of 4.45 cm./sec.
IDLER
The onset of the buzzer, which served as the signal to react, was indicated on the records by a second marker mechanically connected to the armature of a relay. When a telegraph key was depressed by the experimenter the relay was energized, the marker was displaced, and the buzzer sounded.
SUBJECTS AND PROCEDURE
Twelve male students of the State University of Iowa, all of whom were right-handed, served as subjects. Their ages ranged from 20 to 27 years, their median age being 23.5.
Each of the subjects was required tp make 60 reactions; 20 movements over each of the three distances of 2.5, 10, and 40 cm. All of the oddnumbered reactions were made in the left-toright direction and all of the even-numbered ones from right to left. Two subjects were assigned at random to-each of the six possible permutations of the three distances so as to equalize the possible effects of learning and fatigue.
At the start of each experimental session, the adjustable position marker was set at the correct line for the first series of 20 trials. The experimenter then sat in the chair in front of the reaction board and read the instructions to the subject who stood beside the chair. The reading was accompanied at appropriate places by careful demonstrations of the desired reactions and denotations of the slide piece, position markers, etc. The text of the instructions is as follows:
This is a speed test. Your task will be to move this slide piece between these two markers as quickly as possible. The sounding of a buzzer will be the signal for you to move the slide piece.
At the start of the test, you will grasp the slide piece with the thumb and index finger of the right hand and keep it exactly in line with the marker directly in front of you. Then, upon the sounding of the buzzer, you will move the slide piece over to the marker on the right as quickly as possible. Should your first adjustment go beyond or not quite up to the marker, continue to move the slider until it is exactly in line with the marker. When you have completed this adjustment, hold the slide piece in line with the marker until the buzzer sounds again. Upon hearing the buzzer a second time, return the slide piece to the starting marker as quickly as possible.
In moving the slide piece do not drag the hand along the board; hold the hand above the board when moving the slide piece. Do not bear down on the slide piece, but slide it lightly across the board.
You will continue to move from one marker to the other each time the buzzer sounds. When you have completed 20 trials you will be told to place your hand in your lap and relax. A new setting of the markers will then be made, and a new series of trials will follow.
REMEMBER, THIS is A SPEED TEST! Are there any questions?
Upon the completion of this explanation and demonstration, the subject was seated in a chair directly in front of the central starting line. The height and position of the chair was then adjusted so that when the subject's upper arm was in the vertical position and his forearm at right angles to his upper arm, the tips of his extended fingers just touched the near edge of the reaction board. The experimenter then sounded the buzzer to demonstrate the nature of the stimulus to which the subject would be required to react.
Individual movement reactions were separated from one another by intervals of approximately one, two, and three sec, arranged in random order. The timing of these intervals was not exact, being estimated by the experimenter through the use of sub-vocal counting.
The subjects were allowed to rest for approximately two minutes after the completion of each group of 20 reactions. During this interval the experimenter set the position marker to a new line according to the previously assigned testing order. Fig. 2 , tracings of selected sample records have been reproduced to illustrate certain of the fairly typical characteristics of the movements. It will be noted in all of these records 
RESULTS

Qualitative characteristics of the movements.-In
FIG. 2. Tracings of selected records of discrete movements
that the onset of the buzzer is followed after a brief interval-the reaction time-by an abrupt and rapid acceleration of the limb and a period of high and fairly uniform velocity. In some of the records there were short segments near the central part of the tracing which were so.nearly straight lines as to suggest that the limb was moving at a constant velocity. But many records were sigmoidally shaped, with the initial phase of increasing and decreasing acceleration changing smoothly into a phase of increasing and then decreasing deceleration. No attempt was made, however, to study this aspect of the movements in detail.
In the majority of records, the first phase of the movement (hereafter termed the primary movement) ended with the limb either short of, or beyond, the terminal line. Hence a secondary adjustive movement was usually required to remove the residual error. These secondary movements frequently assumed one of the four forms shown in Fig. 2 . That shown in A often occurred in the higher-speed movements. There the initial movement resulted in an overthrow which was followed by a short corrective movement in the opposite direction. In B the initial movement fell short of the mark, resulting in a brief period of zero velocity and a subsequent short corrective adjustment. In C the terminal adjustment resembles a damped oscillation, with the initial overthrow followed by oscillations of decreasing amplitude. In the movement curve of D, which was seldom observed except in the records of very slow-moving subjects, the primary-movement phase blends smoothly into a relatively long phase during which the limb gradually decelerates until the correct position is reached, neither over-nor underthrow being exhibited. Although these four types of secondary movements appeared sufficiently often to justify their selection and isolation, no attempt was made to tabulate their frequency, and other forms representing combinations of these in varying degrees were often noted. Occasionally, several corrective movements were required before the terminal position was actually reached. In general, the findings with respect to the qualitative aspects of the movements agree closely with results reported in other investigations (i, 5).
Quantitative results.-In analyzing the movement records, measurements were made of a number of different aspects of the movements. The criteria adopted in making the measurements and the results obtained therefrom are presented below for each of the more important aspects.
i. Reaction time t -The basic data on reaction time-denned as the interval between the sounding of the buzzer and the start of the movement -are presented in Table I . These values are all of the same general order of magnitude and agree closely with results reported by Craik (i) and by Householder (3). It should be noted, however, that these values are considerably larger than those normally obtained in studies of simple reaction time to sound stimuli. In such studies the subject's task is merely to lift his finger from a key upon hearing the sound. If his task is changed by requiring him to move some specified distance-as in the present study-his reaction time becomes longer. Woodworth (6) reports corroborative evidence on this point. When the reaction-time data were treated by the methods of analysis of variance, with the variances attributable to distance, individuals, and direction of movement being isolated, only the component of individuals proved to be significant. From this it may be concluded that, within the limits of the present study, direction of movement and distance moved have no significant effect upon the time required to initiate a movement following an auditory signal.
2. Primary-movement time.-In almost all records the starting points of the movements were sufficiently abrupt so that no difficulty was encountered in their identification. The terminations of the primary movements,, however, were often fairly gradual and it was necessary to adopt rigid criteria in determining these points to reduce variability in the reading of the records. Thus, a primary movement was considered terminated at (a) the point where the tracing showed a definite reversal of direction (overthrows) Table II shows the means and standard deviations calculated from the measurements of primary-movement times. These statistics are listed under the three stimulus distances in spite of the fact that the mean lengths of the initial movements at these distances deviated slightly-by the amount of the constant errors-from the actual stimulus distances. The largest mean constant error (i/Nih of the algebraic sum of the individual constant errors), however, was only -0.20 cm. for the 4O-cm. left-to-right movements. All of the other mean constant errors were less than plus-orminus o.i cm., hence they may be ignored in this connection.
From the means in Table II it appears that as the length of movement increases, the time required to perform it also increases. That this is a highly probable conclusion is indicated by the reliabilities of the differences between mean values for distances. In Table III the ^-values   2 between the means corresponding to the different distances have been listed. All of them are significant at well beyond the one percent level. Table III also includes /"-ratios between the variances obtained at the several distances. 8 Since the ratios 'The (-values listed in this and succeeding tables were computed for related measures. Since this method employs distributions of differences which tend to be normally distributed, the obtained t'i may be interpreted in the conventional manner without regard for the fact that the variances of the original distributions differ significantly.
* It should be noted that the /"-test as applied here is not an exact test of homogeneity because the variances being compared were obtained on the same subjects and hence would tend to be positively correlated. However, the presence of a correlation term would operate to reduce| between the variances at 2.5 and 40 cm. are highly significant for both directions of movement it may also be concluded that the dispersion or variability of primary-movement times increases with distance. The other /"-ratios are not highly significant but they a&d additional weight to the notion that variability increases with the magnitude of the excursion.
The data of Table II also suggest the possibility that movements from -left to right are slower than movements from right to left. The differences, however, are slight-only that at the lo-cm. distance being significant at the five percent level-and their consistency is probably attributable to the fact that the same subjects were tested at all three distances.
3. Total-movement time.-This was the time elapsing between the start of the movement and the point at which the terminal position was reached. Here too, an arbitrary criterion was used to define the end of the movement. That is, the movement was considered ended when the record line fell within a region of 0.5 mm. on either side of the aimed-for line and remained therein for a distance of 2.5 cm. Time was measured to the point at which this region was first entered.
A summary of the findings obtained through the use of this measure is presented in Table IV . There it can be seen that the mean time required to make the complete movement increased with distance for both left-toright and right-to-left movements. The Mralues between the means for different distances and the F-ratios between corresponding variances are listed in Table V . The values from these two tables lend support to the rather than increase, the differences between the variance for the separate experimental conditions. Thus, the test is over-conservative in the estimates it provides. conclusions drawn from the data on primary-movement time-that movement time and variability increase with distance. But this correspondence is attributable in part to the fact that primary-movement time and total-movement time appear to be positively correlated. The actual correlations between the measures for the three distances of 2.5, 10, and 40 cm., respectively, are .35, .60, and .87 for the left-to-right movements and .46, .69, and .84 for the right-to-left movements.
As in the case of the primarymovement times, there is a suggestion in the data of Table IV that left-toright movements are slower than those in the opposite direction. This is Tables II and IV . Stated differently, adding the times required to make secondary movements to the times required for pri- mary movements results in an increase in the means but not in the variabilities. This suggests that the variabilities of the secondary adjustments are all approximately the same and that they are relatively independent of distance traversed. Such a notion is supported by the data on secondarymovement time to be found in Table  VI . The data underlying the values in this table were obtained by subtracting the mean primary-movement times from the mean total-movement times by individuals. From Table VI and from the F-ratios given in Table  VII -none of which is significant at even the 10 percent level of confidence -it appears that the increase in distance did not significantly change the variabilities of the secondary-movement times. Also worthy of note is the fact that the mean secondarymovement times increased significantly as the distance was increased from 2.5 to 10 cm., but showed no further change between 10 and 40 cm. This may be interpreted as indicating that, beyond a certain point, secondary-adjustment times remain approximately constant in spite of increases in the lengths of the attempted movements.
5. Speed of movement.-From the experimental records, estimates of both the average and the maximum speed of movement were computed. The data on average speed were obtained by first calculating an average speed of movement for each individual from the mean length of his primary movements and their mean duration. This was done separately for the three distances and the two directions. The means and standard deviations of the resulting distributions of speeds were then computed for entry into Table VIII. The term average speed is used because the method of calculation yielded the average speed during the interval between the start of a movement and its termination rather than the instantaneous speed at any one point.
From Table VIII , it is apparent that an increase in the length of a movement is accompanied by an increase in both the mean average speed and the variability. The probable nature of the function relating speed of limb movement to distance is indicated by the lower curve of the graph reproduced in Fig. 3 . There log speed (with the means for the two directions being averaged) has been plotted against log distance. Since the points fall almost on a straight line the data can be represented to a first approximation by an equation of the general form y -ax*. It should be noted, however, that only three points entered into the determination, and that the true function may well be different. The specific equation for the straight line which best fits the experimental data (method of least squares) is log S = .6225 log D + where S is speed in cm./sec. and D is distance in cm.
In Table IX data are presented showing the mean maximum speeds attained at the three distances and with the two directions of movement. In obtaining these values, straight lines were first drawn tangentially (by inspection) to the steepest portions of the movement tracings, and the angles between these lines and the base line were then measured to the nearest one-half degree by means of a protractor. The maximum speed was computed from these angles for each reaction and a mean value obtained for the reactions made by each subject. The values given in Table IX are the means and standard deviations of these individual means. As in the case of the data on average velocity, the mean maximum speeds and their corresponding dispersions show an increase with distance moved. Here too, a plot of (log speed, log distance) yields a nearly perfect straightline relationship (see upper curve in Fig. 3 ). The equation for the bestfitting straight line is log S = .7040 log D + 1.0138 where S and D again signify speed and distance respectively. That maximum speed definitely increases with distance is indicated by the fact that all of the lvalues (not shown) between the means by distance for both leftto-right and right-to-left movements are highly significant. In addition, all of the appropriate /-ratios between the variances for distance are highly significant. There are no significant differences, however, between either the means or the variances for direc-tion of movement. Similar findings were obtained in the case of the means and variances for average speed. DISCUSSION A problem of some interest in connection with the present study is that of the relation between the duration (or rate) of a rapid movement and distance moved. At first thought, it might appear obvious that the time required to make a movement would increase with the length of the excursion. A number of workers in this area, however, have obtained evidence favoring the conclusion that as the length of the excursion increases, the speed of movement increases in proportion so that movement time remains approximately constant. Stetson (4), in an early study, found that with freely-executed rhythmic movements, such as are employed in the use of the conductor's baton, the duration of the down stroke was independent of the length of the movement. Isserlin and Freeman are cited by Hartson (2) as having confirmed this finding in the case of rhythmic movements and handwriting respectively. Craik (i) reports that the duration of a discrete corrective movement is only slightly dependent upon the length of the movement within the range of 0.63 to 11.4 cm. Householder (3), employing a similar procedure, found rate of movement to be proportional to size of excursion for movements of the order of 0.5 to 4 cm. The results of the present experiment, however, do not support the contention that the duration of a corrective movement remains the same for different excursions. While it is true that speed of movement increases with distance moved, the increase is not directly proportional to distance. The result is that the time taken to make the movement also increases. The apparent discrepancy between these results and those of previous experimenters is perhaps not as great as it might appear. Part of the difference is attributable to the fact that the range of excursions employed here was greater than in previous experiments -most of Stetson's down strokes were shorter than four cm. and Craik's maximum excursion was only 11.4 cm. With such a small range of movement lengths it would be quite possible to interpret the data as being linear when actually they may have formed a short portion of a curve. This possibility is supported by Householder's finding that the proportionality between rate and distance did not hold for movements of six to eight cm. Furthermore, although details are lacking in Craik's report, it may be assumed from his statement that an increase in distance did, in fact, have some effect upon the duration of the movement, albeit slight. It would seem most reasonable to suppose, therefore, that the duration, of discrete adjustive movements most probably increases with length of the movement provided the range of excursion is sufficiently great.
Although the data obtained from the present experiment on direction of movement are for the most part inconclusive, there appears to be a ' tendency for the right-to-left movements to be slightly faster than those in the opposite direction. This is contrary to results obtained by Householder, who noted a slight superiority in favor of movements to the right. Since the differences are in neither case consistently significant, they may well be the result of chance fluctuations. In any event, the absolute magnitude of the differences is for the most part so small as to be of little practical importance. Where speed of movement is important, then, there is apparently little to choose between the two directions of movement.
One of the major ways in which the present research differs from previous work is in the treatment of secondary adjustive movements. The qualitative characteristics of these terminal corrections have been noted by others but no quantitative data have apparently been previously tabulated. Because of this fact it is of some importance to examine the nature of the relationship between secondary-movement time and other measures. One rather suggestive finding in this connection is that secondary-movement time tends to be negatively correlated with primary-movement time. The product-moment correlations obtained for the three distances of 2.5, 10, and 40 cm. were -.73, -.38, and -.32, respectively-scores for the two directions of movement being combined. Although only the first of these is highly significant, it would appear that there is some tendency for short primary-movement times to be followed by long secondary-movement times and vice versa. Now since for any given distance, a shorter primarymovement time means a higher speed of movement, it follows that speed of movement should correlate positively with secondary-movement time. This is partially confirmed by the correlations between maximum speed of movement and secondary-movement time. With scores for the two directions combined, the coefficients were .57, .31, and .41 for the three lengths of movement in increasing order of size. The first of these proved to be significant at about the five percent level. It may be suggested then, that high-speed (short-duration) primary movements tend to be followed by long-duration secondary adjustments, at least for movements of the order of 2.5 cm. The fact that the correlations at the two longer distances are small, and rather easily attributable to chance, is consistent with the finding previously noted that secondaryadjustment times do not appear to increase significantly as the length of the movement is increased from 10 to 40 cm.
SUMMARY AND CONCLUSIONS
1. An investigation has been made of the speed and accuracy with which individuals can execute simple discrete movements of the hand and arm. The movements were confined to a horizontal line running parallel to the frontal plane of the body. Each movement was initiated at the sound of a buzzer and consisted simply in moving the limb as quickly and accurately as possible from one visuallyperceived, fixed reference line to another. Two directions of movement (left-to-right and right-to-left) and three lengths of movement (2.5, to, and 40 cm.) were investigated. Detailed graphic records were obtained of each movement.
2. The qualitative characteristics of the movements were found to accord closely with reports of previous investigators. The primary phase of the movement, which consists of a rapid initial acceleration and a period of high velocity, may terminate at exactly the aimed-for line, but usually does not. Hence a secondary corrective movement is required to remove the residual error. Several of the rather typical patterns assumed by these secondary movements are described.
3. The time taken to initiate a discrete movement following the onset of the auditory stimulus was found to be of the order of 0.25 sec. and to be independent of distance moved and direction. The reaction times of indi-vidual subjects, however, differed significantly.
4. Increases in length of the movement were accompanied by significant increases in (a) the duration of the primary movements, (b) speed of movement, and (c) the variabilities of both time and speed scores.
5. To a first approximation, the equation relating speed of movement and distance was found to be of the general form y = ax b , log speed in cm./sec. being linearly related to log distance in cm.
6. Evidence was obtained that secondary corrective movements are only slightly affected by increases in length of movement. Secondary-movement duration remained approximately constant for movements within the range of perhaps 10 to 40 cm.
7. No consistent differences were obtained which could be attributed to direction of movement, although there was a slight indication that left-toright movements are slower than those in the opposite direction. The differences were too small, however, to be of practical significance.
8. There was some indication that short-duration primary movements tend to be followed by long-duration secondary movements, the effect being most marked at short excursions.
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